The collisionally activated dissociation mass spectra of the protonated and alkali metal cationized ions of a triazole-epothilone analogue were studied in a Fourier transform ion cyclotron resonance mass spectrometer. The fragmentation pathway of the protonated ion was characterized by the loss of the unit of C 3 H 4 O 3 . However, another fragmentation pathway with the loss of C 3 H 2 O 2 was identified for the complex ions with Na + , K + , Rb + , and Cs + . The branching ratio of the second pathway increases with the increment of the size of alkali metal ions. Theoretical calculations based on density functional theory (DFT) method show the difference in the binding position of the proton and the metal ions. With the increase of the radii of the metal ions, progressive changes in the macrocycle of the compound are induced, which cause the corresponding change in their fragmentation pathways. It has also been found that the interaction energy between the compound and the metal ion decreases with increase in the size of the latter. This is consistent with the experimental results, which show that cesiated complexes readily eject Cs + when subject to collisions.
Introduction
T he interactions of organic molecules and biomolecules with metal cations have great effects on their structures, reactivities, and functions. Thus, metal cations are frequently selected and used as promoters in lots of catalytic systems to improve both activity and selectivity [1] . Since the introduction of soft ionization method of electrospray ionization (ESI) [2] , the noncovalent interactions between the metal ions and organic or biological molecules in the gas phase have attracted much interest [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The formation of these complexes has been utilized as a useful tool for enhancing the identification and characterization of some trace molecules. The fragmentation pathways of protonated and metal cationized molecules may also provide some complementary information about their structures [3] .
With methods of tandem mass spectrometry (MS), infrared multiple photon dissociation action spectroscopy, H/D exchange, ion mobility spectrometry and theoretical calculations, structures of different metal cationized molecules, including amino acids and peptides, are investigated systematically [4] [5] [6] [7] [8] [9] [10] [11] [12] . For example, molecules of arginine cationized by alkali metal ions can form salt bridged structures in the gas phase [4] ; with increasing sizes of the bound alkali metal ions, most amino acid molecules would more likely choose zwitterionic structures [4, 5] . However, Drayßa et al. have just found an opposite trend (increasing stability of charge solvated complexes with increasing size of metal ion) for some aliphatic amino acids, based on their experimental IR spectra and calculations [9] . In the complex ions combined with peptides, alkali metal ions can form multidentate bonds to carbonyl oxygen atoms in the backbone and can stabilize helical structures in the gas phase [10, 11] .
Recently, chemical compounds with different macrocyclic rings inside themselves have attracted more interests in different research fields, including synthetic chemistry, natural products, and chemical biology [13] [14] [15] [16] [17] [18] [19] [20] [21] . For example, as one of the most attractive drugs for cancer therapy, epothilones and their relatives have evoked a vast research effort within academic and pharmaceutical research groups that include numerous total and partial syntheses and extensive structure-activity relationship studies [15] [16] [17] [18] [19] [20] [21] . Surely, it will be very important to know how the cationation by metal ions can affect structures and functions of these types of drugs. However, this kind of interaction has seldom been studied. Recently, we have reported the effective synthesis of a triazole-epothilone analogue ( Figure 1 ) with Cu 2 O nanoparticle catalyzed azide-alkyne cycloaddition reaction [21] . The compound is characterized by a macrocyclic ring and an included triazole ring. In order to better characterize the compound and its relatives, here the binding effects of alkali-metal ions on its structure were further studied with both experimental and theoretical methods. It has been found that the compound can readily form complex ions with different alkali metal ions from a normal ESI process. The fragmentation process has been studied using the method of collisionally activated dissociation (CAD) MS in a Fourier transform ion cyclotron resonance (FT ICR) mass spectrometer, and the structures were also studied and suggested based on the results of density functional theory (DFT) calculations.
Experimental and Calculations

Materials
The synthetic route of the triazole-epothilone analogue (Compound 3) is shown in Scheme 1, and the polyvinylpyrrolidonecoated Cu 2 O-NPs was synthesized according to procedures reported by Zhang et al. [22] . Other materials used and the whole process can be found in our previous paper in detail [21] . Samples of NaCl, KCl, RbCl, and CsBr were purchased from Tianjin Guangfu Fine Chemical Research Institute, China.
Mass Spectrometry
All MS analyses were preformed with a 7.0 T FT ICR MS instrument (Varian IonSpec, Lake Forest, CA, USA). The solution of triazole epothilone analog (2 mM in 50/50 methanol/H 2 O ) was sprayed through with an infusion rate of 240 μL/h. Acetic acid was added (1 % in volume) to generate the protonated ions, and metal chloride (for sodium, potassium, and rubidium) or bromide (for cesium) was added (5 mM) to generate the corresponding metal-cationized ions.
Zspray ESI source was used here with the probe biased at 3.6 kV. Room temperature N 2 was used as the cone gas and desolvation gas. The ESI-generated ions, after passing through the differentially pumped region, were accumulated in a hexapole ion trap for 2.6 ms, and finally pulsed into the ICR cell. In the CAD experiments, the ions of interest were isolated by stored waveform inverse Fourier transform (SWIFT) method [23] . Sustained off-resonance irradiation (SORI) excitation [24] was performed for the selected ions at a frequency shift of -1000 HZ with a duration of 200 ms. The values of V p-p (peak to peak excitation voltage) were set to be 3~4 V. Collision was performed using N 2 gas at a background pressure of~4.0 × 10 -8 Torr. All reported data in CAD experiments were acquired by co-adding five scans.
Calculation
All calculations were performed with Gaussian 03 [25] . All structures were optimized based on the observed X-ray structure of Compound 3 ( Figure 1 ) on the level of B3LYP/ 6-31 G(d) and then refined on the level of B3LYP/6-31+G (d). When Rb + and Cs + were included, LANL2DZ basis sets were used for the heavy atoms. All isomers suggested here were verified by vibrational analysis on the level of B3LYP/ 6-31+G(d). Electronic energies were calculated at 0 K and zero-point energy corrected. For the complexes with metal ions (M + ), the binding energy ΔE was calculated as:
Results and Discussion
CAD MS Results
The CAD MS of the protonated ions of Compound 3 is shown in Figure 2a . Four major fragment ions with m/z 417, 317, 289, and 233 were observed. The results are very similar to the ESI MS results of epothilone B reported by Blum et al. [19] . The proposed fragment pathway is shown in Scheme 2. The fragment ion at m/z 417 corresponds to the loss of C 3 H 4 O 3 (88 Da) from the precursor ion. The product ion at 317 was formed by a further loss of C 6 H 12 O (100 Da). The ion at m/z 289, which was produced by the loss of CO from the ion at 317, can further fragment to ion at 233 by the loss of C 4 H 8 .
For the sodiated ions, four major fragment ions with m/z 457, 439, 357, and 339 are observed, as shown in Figure 2b . Two fragment pathways are suggested in Scheme 3. In the primary fragmentation pathway (P1), the fragment ion at m/z 439 is formed by the loss of C 3 H 4 O 3 from the precursor ion, and is further broken to form the ions of 339 by the loss of C 6 H 12 O. Obviously, this pathway is similar to the first two steps suggested in Scheme 2. In the second fragmentation pathway (P2), fragment ion at m/z 457 comes from the loss of C 3 H 2 O 2 (70 Da) from the precursor ion. In the process, the C9-O1 bond, instead of the C8-O1 bond, is broken, and the hydrogen bound to O3 is transferred to O1 because of the hydrogen bond of O1…H-O3 (the labels of the atoms can be found in Figure 1) . The m/z 457 ion can be further fragmented to the ion at 357 by the loss of C 6 H 12 O (100 Da).
As shown in Figure 2c and d, the CAD results for the potassiated and rubidiated ions are similar to those of sodiated ions. Fragmentation pathways of both P1 and P2 were observed and, thus, can be explained by Scheme 3, although the ratios of the pathways are different. In order to further confirm the suggested pathways of P1 and P2, the fragment ions of 473 and 455 generated from the potassiated ions at 543 (Figure 2c ) were isolated and further CAD experiments performed. The tandem MS results (shown in Supporting Information Figure S1 ) clearly show that the ion at 373 is the only CAD product ion of the 433 ion, and the ion at 355 is that of the ion 455, which provided direct proofs for the suggested pathways of P1 and P2 in Scheme 3. However, for the cesiated ion (Figure 2e ), the CAD MS is quite simple; two fragment ions at 567 and 132 were observed. The strong signal of ion at 132 is obviously Cs + , and the ion at 567 is formed by the loss of a C 3 H 2 O 2 (70 Da), which is similar to the first step in the suggested pathway 2 in Scheme 3. Further CAD MS under different collision energies and CAD MS of ion at 567 demonstrate that the fragmentation pathways of the cesiated ion can be described as shown in Scheme 4, in which Cs + is the ultimately formed ions in both pathways.
Effects of the CAD Energies and the Sizes of Alkali-Metal Ions
Most intriguing in Figure 2 is obviously the difference in branching ratios of the two fragmentation pathways among the compound adducted with different alkali-metal ions. In order to understand it, the effects of the CAD energy on the fragmentation pathway were considered here. In the SORI experiments, the kinetic energy (E k ) of the excited ions in laboratory frame changed periodically, which can be described by Equation (2) [26] [27] [28] :
Where β is the geometrical factor of the ICR cell, q and m are the charge and the mass of the selected ion respectively, d is the diameter of the ICR cell, Δν is the difference between the cyclotron and excitation frequencies, t is the time.
Typically, the value of maximum kinetic energy (E k max ) is used as the indicator of the kinetic energy during SORI experiments, which is [26] [27] [28] :
Thus, the center-of-mass collision energy (E com ) is [26] [27] [28] :
Where m g is the mass of the collision gas, m is the mass of the selected ion. Using Equations (2) and (3), it can be calculated that the values of E com of the different metal cationized ions (in Figure 2) are different by less than 30 % of the average collision energy.
It is necessary to understand whether the differences of the branching ratios observed in Figure 2 are relative to the difference in their collision energies, or how the collision energy can affect the fragmentation pathway. Thus, the selected ions were studied under different CAD energies. Interestingly, it has been found that the branching ratios for all the metal cationized ions were affected only slightly, Scheme 2. Proposed fragmentation pathway of the protonated ion of the compound although the ratios of fragment ions increased significantly with the increment of collision energies. To make it clear, the fraction of P2 is calculated using the relative intensity of the ions from P2 to the sum of all fragment ions from both P1 and P2. The fraction of fragment ions is calculated as the relative intensity of all fragment ions to the sum of fragment ions and the surviving precursor ions. Figure 3 shows the results of potassiated ion (the CAD mass spectra of the ions can be found in the Supporting Information). It can be found that with the increase of V p-p from 3 to 4 V (the collision energy increased 78 %), the ratios of the fragment ions increased from 44 % to 87 %, and the ratios of P2 only changed from 0.47 to 0.49. For the sodiated (rubidiated) ion, the fraction of P2 changed less than 5 % (5 %) when the V p-p changed from 2.5 V (3.5 V) to 3.5 V (4.5 V). No product from P1 can be detected in any of the SORI experiments (V p-p =3-4.2 V) for the cesiated ions.
Thus, the difference of the branching ratios observed in Figure 2 can be mainly attributed to the adducted alkalimetal ions themselves. The protonated ion shows the only fragmentation pathway that is characterized by the loss of neutral unit of C 3 H 4 O 3 with a mass of 88, induced by the cleavage at bonds of C8-O1 and C11-C12 ( Figure 1 and Scheme 2). As the bound metal ions change from Na + to Rb + , the relative energy barriers of the pathway (P1) become higher and higher. This induces the fragmentation pathway of P2, which is characterized by the loss of neutral unit of C 3 H 2 O 2 , becomes more and more dominant. For the cesiated ions, the first fragmentation pathway of P1 is suppressed by P2 and the new pathway of ejection of the cesium ion. These data are summarized in Figure 4 .
Effects of the Alkali-Metal Ion Cationization on Structures
It is important to know the position of the proton or the alkalimetal ions in the complexes and how the complexation can affect the structure and the fragmentation of the compound. , and Rb + demonstrate their differences in the fragmentation pathway of P1. Although the first two steps, by losing the units of 88 and 100, have been observed for these sodiated, potassiated, and rubidiated ions, the next two steps, by loss the units of 28 and 56, have not been observed for these ions even with higher collision energy, which suggested the difference in binding position of the proton and the metal ions. The proton can be readily bound to electronegative groups or atoms. Six different isomers for the protonated ions of the compound have been optimized based on calculation with the method of B3LYP/6-31 G(d). The two isomers with the lowest energies were selected and further optimized on the level of B3LYP/6-31+G(d), and their structures are shown in Figure 5 (the structures of the other four isomers can be found in the Supporting Information). For the most stable isomer MH-1, the proton binds with the atom of N1 and the structure of the macrocycle is not affected very much. For the second stable isomer MH-2, which has an energy 13.4 kJ mol -1 higher than isomer MH-1, the proton binds to the atom of N2 within the macrocycle. However, for the molecules cationized by the metal ions, the positions of the metal ions are different. The effects of the addition of metal ions to the fragmentation pathways and the observed fragment ions in Figure 2 suggested that all these metal ions should be very close to the atom of O1 in the macrocycle. Several structures were suggested for the sodiated ion ( Figure S4 in the Supporting Information), and the most stable structure are identified based on the level of B3lYP/6-31+g(d). Then the structures of other metal cationized ions are suggested and optimized based on this structure. Figure 6 shows the optimized structures of the complex ions based on the level of B3LYP/6-31+G(d). These complex ions have similar structures, in which the metal ions are solvated by the atoms of oxygen and nitrogen within the macrocyclic rings. Some structural parameters of the compound changed accordingly due to the complexation. Table 1 shows some bond lengths and angles for these complexes. It can be found that the bond length of O1-C9 increase progressively with the increase in the size of the metal ion, while the bond length of O1-C8 is not much affected. At the same time, the length of hydrogen bond of O1 … H-O3 decreases from 2.85 to 2.23 Å, and the angle of From these data, it is reflected that the increase of the radii of the metal ions weakens the O1-C9 bond, but strengthens the O1 … H-O3 hydrogen bond, which induce the change in the fragmentation pathways in the CAD MS.
Another change that can be found is that the distances from the center of the metal ions to the place of the macrocycle increases with increasing sizes of the alkali-metal ions, which can be reflected by the distances between M + and O2, O5, N2, and N3, as shown in Table 1 . The interactions between the alkali-metal ion and the compound also decrease quickly with the increase of the metal ion sizes. For the cesiated ions, the calculated binding energy is~-10 kJ mol -1 , which is only~1/ 20 of that of the sodiated ions ( Table 1 ). The result rationalizes the CAD results in Figure 2 and the proposed fragmentation pathways shown in Scheme 4, in which the Cs + ion is easily dissociated from the complex ions.
Conclusions
In summary, the compound of triazole-epothilone analogue reported previously [21] was analyzed with tandem mass spectrometry, and the CAD MS of the protonated and alkali metal cationized ions of the compound are presented here. For the protonated ions, the fragmentation pathway is characterized by the breaking of the O8-C1 bond in the compound and the loss of the unit of C 3 H 4 O 3 (88 Da). For the cationized ions with Na + , K + , and Rb + , another fragmentation pathway is identified, in which the bond of O9-C1 is broken and product ions with the loss of the unit of C 3 H 2 O 2 (70 Da) are formed. For the cesiated ion, no product ions from the first pathway can be observed. It is also found that the ion of Cs + is easily dissociated in the collision, indicating a relatively weak interaction between the metal ion and the compound. Further analysis shows that the branching ratio of the second fragmentation pathway increases along with the increment of the size of the bound metal ion. These experiment results can be explained by the structural changes caused by the binding of metal ions, and further supported by the DFT calculations. It has been found that the binding positions of the proton and the alkali metal ions are different. For the metal cationized ions, the solvation effects cause structural changes of the macrocycle in the compound.
With larger alkali metal ion bound to the compound, the bond of C9-O1 becomes weaker, whereas the hydrogen bond of O1 … H-O3 becomes stronger. These structural changes prompt corresponding changes in their fragmentation pathways. All these results show the effects of the alkali metal cationization on the structure of the compound of triazole-epothilone, which may be helpful for a better understanding of the biological functions of the compound and its relatives. a The optimized geometry of the complex ions and the labels of atoms can be found in Figure 6 and Figure 1 , respectively. Distance of bond X-Y and X…H in the H-bonding of X…H-Y is measured in Å. Angle of X-H-Y is measured in degrees (°). b Binding energies of the compound and the metal ions are calculated in kJ mol −1 with the Equation (1).
